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SOLUBIL ITY  L I M I T  OF DODANTS I N  S I L I C O N  IRRADIATED BY RUBY LASER 
Fogarassy, E.,Stuck, R . ,  Grob, J.J., Grob, A .  and S i f f e r t ,  P .  
C e n t r e  d e  Recherches  Nuc lBa i r e s ,  Groupe d e  Phys ique  e t  A p p l i c a t i o n s  d e s  S m i c o n d u c t e u r s ,  67037 
S trasbourg-Cedex ,  France. 
Abstract . -  The s o l u b i l i t y  of s eve ra l  dopants  (Sb, Ga, B i ,  I n )  i n  l a s e r  t r e a t e d  
s i l i c o n  has been inves t iga t ed .  The do:>ants were introduced by vacuum d e ~ o s i t i o n  
followed by a ruby l a s e r  i r r a d i a t i o n .  Their  s o l u b i l i t y  was determined by Ruther- 
ford  backsca t t e r ing  spectrometrlr measurements i n  channeling and random condi t ions .  
I n  a l l  c a se s  a  s o l u b i l i t y  l i m i t  C h igher  than t h e  equi l ibr ium s o l u b i l i t y  was 
found and a simple c o r r e l a t i o n  wi??fi t h e  equi l ibr ium d i s t r i b u t i o n  c o e f f i c i e n t  k 
could be e s t a b l i s h e d  : C'  
In t roduct ion . -  It is  now we l l  e s t ab l i shed  
t h a t  t h e  s o l u b i l i t y  of a  dopant  i n  a  semi- 
conductor can be  s i g n i f i c a n t l y  increased  b:~ 
i r r a d i a t i o n  with a  high energy l a s e r  o r  
e l e c t r o n  beam. I n  s i l i c o n ,  f o r  example, t h i s  
e f f e c t  has been repor ted  f o r  antimony /1,2/ ,  
gal l ium /3/, platinum / 4 / ,  a r sen i c  / 5 / ,  and 
i n  some cases  t h e  i nc rease  can be  of seve- 
r a l  o r d e r s  of magnitude. It a ~ p e a r e d  i n t e -  
r e s t i n g  t o  s ee  i f  t h e r e  is  a s o l u b i l i t y  li- 
m i t  of t h e  dopant a f t e r  such a t rea tment .  
Therefore,  we prepared heav i ly  d o ~ e d  s a m ~ l e s  
of s i l i c o n  by vacuum depos i t i on  of t h e  do- 
pan t  followed by ruby l a s e r  anneal ing /6,7/. 
The concent ra t ion  of dopant  introduced i n  
s u b s t i t u t i o n a l  s i t e  and thus  t h e  s o l u b i l i t y  
were measured using Rutherford Backscatte- 
r i ng  Spectrometry (RBS). Therefore,  our  ex- 
periments  were r e s t r i c t e d  t o  shallow dopants  
heavier  than  s i l i c o n  ; Sb, Ga, B i ,  In .  For 
a l l  elements a  s o l u b i l i t y  l i m i t  CmR indepen- 
d e n t  on t h e  l a s e r  energy was found. The va- 
l u e s  obtained were compared t o  t h e  maximum 
s o l u b i l i t i e s  found by o t h e r  au thors  us ing  
d i f f e r e n t  doping methods and l a s e r  t r e a t - -  
ments i n  o r d e r t o  s ee  i f  t h e  s o l u b i l i t y  li- 
m i t  found i s  r e a l l y  independent of t he se  pa- 
rameters .  F i n a l l y  they  have been p l o t t e d  ag- 
a i n s t  s e v e r a l  parameters .  Like f o r  t h e  equi-  
l ib r ium s o l u b i l i t y  l i m i t  a  simple co r r e l a -  
t i o n  wi th  t h e  equi l ibr ium dis t r ibu t i ron  
* VJork performed under COPIES c o n t r a c t .  
c o e f f i c i e n t  was found . 
1. Experimental condi t ions . -  1.1. Samples.- 
*-wples used i n  t h i s  work were 300 pm 
t h i c k  < I l l >  o r i en t ed  s l i c e s  of s i l i c o n  c u t  
from a boron or  ~ h o s p h o r u s  doped Czochralski  
c r y s t a l  (1 .5  - 3Q.cm r e s i s t i v i t y ) .  The sam- 
ples were chemically nol i shed  wi th  a  white  
e t ch .  Before depos i t i on  of t h e  dopant they  
were r i n sed  i n  H F t o  remove t h e  su r f ace  
oxyde . 
The evapora t ion  chamber 1:ms numped down 
t o  a  p re s su re  below 1 , O  x t o r r .  The 
dopant  was evaporated by Jou le  e f f e c t .  The 
f i lm  th ickness  was monitored by a  qua r t z  
and t h e  r a t e  of depos i t i on  was maintained 
0 
below 2 A / s  i n  order  t o  avoid p re s su re  r i s e  
and sample hea t ing .  The depos i ted  th ickness  
a s  measured by t h e  monitor ranged between 
0 
20 and 200 A .  For t h e  t h i c k e s t  samples t he se  
va lues  were confirmed by electromechanical  
measurements performed wi th  a  Talys tep  ap- 
pa ra tu s .  The amount of dopant  d e ~ o s i t e d  was 
measured i n  a l l  c a se s  by RBS and t h e  va lues  
obtained were gene ra l ly  i n  good agreement 
wi th  t h e  i n d i c a t i o n s  of t h e  monitor.  
1 . 2  Laser t reatment .-  The dopant covered 
specimens were i r r a d i a t e d  us ing  t h e  ampli- 
f i e d  monomode ou tpu t  of a  pulsed ruby l a s e r  
wi th  energy d e n s i t i e s  i n  t h e  range 1.1 t o  2 
~ / c m ~ .  The pu l se  du ra t ion  time was equal  t o  
20 ns.  The l a s e r  s p o t  was nea r ly  uniform 
over  i t s  diameter  ( -  Ian) and u s u a l l y  one 
s i n g l e  pulse  was used. Af t e r  i r r a d i a t i o n  
t h e  specimens were etched wi th  app rgp r i a t e  
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mixtures i n  order  t o  remove t h e  dopant which 
d id  not  d i f f u s e  i n t o  t h e  c r y s t a l .  
1.3 Determination of dopant concent ra t ion . -  
The concent ra t ion  p r o f i l e s  of t o t a l  and 
i n t e r s t i t i a l  dopant  was determined by RBS 
i n  r a n d m  and channeling cond i t i ons  /8/. A 
11 
2 MeV ~ e +  ion  beam ( g  = 2mm) was used 
and t h e  energy of t h e  backsca t te red  p a r t i -  
c l e s  was measured wi th  a  cooled su r f ace  bar- 
r i e r .  This  arrangement allowed an equ iva l en t  
0 depth  r e s o l u t i o n  of 200 A f o r  S i .  Some mea- 
surements were a l s o  made by secondary Ion 
PIass Spectrometry (SItlS) which gave essen- 
t i a l l y  t h e  same p r o f i l e s  a s  RBS. 
2 .  Resul t s . -  F igure  1 shov~s t y p i c a l  s p e c t r a  
0 
obtained f o r  a  d e ~ o s i t i o n  of 4 0  A of a n t i -  
mony and one i r r a d i a t i o n  wi th  a  2 ~ / c m ~  
~ 1 s . e .  
Fig.1.- RBS spectra in channeling and random condi- 
tions of a Sb doped sample. 
Since t h e  s u b s t i t u t i o n a l  f r a c t i o n  i s  nea r ly  
t he  same along a l l  axes /7/ we can e s t ima te  
t he  s o l u b i l i t y  from the  d i f f e r e n c e s  between 
t h e  RBS Spectra  under random and channeling 
cond i t i ons .  
On f i g u r e  2 we have repor ted  t h e  maximum 
concent ra t ion  of dopant  a s  we l l  a s  t h e  rnaxi- 
mum s o l u b i l i t y  measured f o r  va r ious  l a s e r  
ene rg i e s  and depos i ted  thiclrness  of a n t i -  
mony. I t  appears  c l e a r l y  t h a t  t h e  s o l u b i l i -  
t y  reaches  a  l i m i t  i n  a l l  c a se s  which i s  
near ly  independent on t h e  l a s e r  energy and 
on t h e  depos i t ed  th ickness .  The mezn ve lue  
Zound i s  1.03 x 1021cm3. This  s o l u b i l i t y  is  
much h igher  then  t h e  known ecp i l i b r ium solu-  
b i l i t y  l i m i t  vrhic:~ i s  6 x 1 0 l ~ c m - ~  /9 / .  
I I I I I I I 
0 1 2 3 L 5  
DEWSITED AMOUNT OF Sb (1016 = m i 2 )  
Fig.2.- Variation of the solubility of antimony as 
a  function of the deposited amount of Sb. 
S imi la r  experiments were performed with 
o the r  dopants .  Table I summarizes t h e  resu-  
l t s  obtained a s  we l l  a s  t h e  equi l ibr ium li- 
m i t  a t  T = 1200°C. 
TABLE I 
Since these  s o l u b i l i t y  limits have been 
obtained f o r  a  p a r t i c u l a r  doping process  
and a p a r t i c u l a r  l a s e r  t rea tment  it appea- 
r e d  i n t e r e s t i n g  t o  s e e  i f  t h e  same va lue  i s  
found f o r  o t h e r  doping process  (implanta- 
t i o n )  and f o r  o the r  l a s e r  i r r a d i a t i o n s  (YAG, 
CO2 l a s e r s )  o r  even f o r  e-beam i r r a d i a t i o n .  
S tud ie s  made on implanted samples gave 
e s s e n t i a l l y  t h e  same r e s u l t s .  Table I1 sho,rs 
a  comparison of t h e  s o l u b i l i t y  l i m i t s  found 
he re  wi th  t h e  maximum s o l u b i l i t y  repor ted  
by White /5/ on i o n  implanted S i  annealed 
wi th  a  ruby l a s e r .  
Laser t rea tment  
1 x l o z 1  a-3 
9 x 1020 " 
3 x 1020 " 
1.5 x 
- - 
Sb 
Ga 
B i  
I n  
Thermal equi l ibr ium 
6 x 1019 ~ m - ~  
5 x 1 0 1 9  " 
8 x 1017 " 
6 x 1017 " 
Excepted f o r  Ga, the  agreement between 
the  r e s u l t s  obtained by the  two methods i s  
good. This ind ica tes  t h a t  the  s o l u b i l i t y  li- 
m i t  i s  not dependent on the  way the  dopant 
i s  introduced. 
TABLEAU I1 
I 
The question t o  know i f  the  s o l u b i l i t y  
l i m i t  depends on the  l a s e r  treatment is more 
d i E f i c u l t  t o  answer, s ince  no s o l u b i l i t y  li- 
m i t  measurements have been done with o the r  
l a s e r s  or  e- beams. 
However, the  same high s u b s t i t u t i o n a l i t y  
has been reported f o r  ruby l a s e r  and Cln1 
e l ec t ron  beam i r r a d i a t i o n  of A s  implanted 
Si/lO/. Furthermore~similar  r e s u l t s  have 
been reported f o r  CW Argon Laser and CWe- 
ham'/ l l / .  Thus, although t h i s  has t o  be ca- 
r e fu l lyver i f i ed ,  it appears t h a t  the  same 
s o l u b i l i t y  can be expected f o r  a l l  l a s e r  
and e lec t ron beams used. 
3ur experiments 
1 x 1 0 ~ ~ c m - 3  
9 x 1320 
3 x 1 0 2 0  " 
1.5 x 1 o 2 0  " 
An attempt was made t o  p l o t  these  values 
of the  s o l u b i l i t y  l i m i t  aga ins t  Otiler Wara-. 
meters. One of the  chosen parameters was the  
equilibrium d i s tx ibu t ion  c o e f f i c i e n t  s ince  
Fischler  /12/ has observed t h a t  i n  e q u i l i -  
brium condit ions,  both f o r  s i l i c o n  and ger- 
manium and f o r  most impuri t ies  the  experi-  
mental maximum molar s o l u b i l i t y  xm i s  about 
one t en th  of the  d i s t r i b u t i o n  coefz ic ien t  
ko a t  the  melt ing point .  Some bas i s  f o r  t h i s  
dependence from thermodynamical considera- 
t i o n s  has been given by S ta tz  /13/. For im-  
p u r i t i e s  i n  s i l i c o n  the  e x ~ e c t e d  s o l i d  so- 
l u b i l i t y  should be 
White r e s u l t s  /5/ 
6 x 1021cm-3 
1.3 x 1021 " 
4.5 x 1 o 2 0  " 
4 x 1020 
1 x 1 0 2 0  It 
On f i g u r e  3 we have pot ted  our values of 
Cma (and a l s o  the  maximum s o l u b i l i t i e s  found 
by other  authors f o r  a l a s e r  process)agains t  
ko. It appears t h a t  a simole cor re la t ion  
e x i s t s  between Cma and ko. 
'ma = (8.6 x 1 0 ~ ~ )  k0.51cm-3. 0 
I t  should be noticed t h a t  t h i s  equation 
holds Io r  both group I11 and V elements and 
f o r  ko values ranging over about four or-  
d e r s  of magnitude. 
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Fig.3.- Correlation of the solubility limits a t  thermal equilibrium and after laser treatment with equi- 
librium distribution coefficients. 
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corre la ted  t o  the  t e t r a e d r a l  r ad ius  (Fig.4) . of the  s i l i c o n  matrix can convert  from li- 
Like f o r  equilibrium condit ions two d i f f e -  quid t o  so l id  without long dis tance  motion, 
r e n t  dependences a r e  obtained f o r  acceptor whereas the  excess of dopant would have t o  
and donor impurit ies.  d i f f u s e  over long dis tances  i n  order t o  be 
frozen i n  the  rapidly  moving in te r face .  
Thus the  s o l u b i l i t y  of the dopant should 
depend on i t s  mobility a t  the  i n t e r f a c e  
and on t h e  r e c r y s t a l l i z a t i o n  veloci ty .  
S t r i c t l y  speaking the  r e s u l t s  presented 
here should therefore  be va l id  only f o r  
ruby l a se r s .  Furthermore the f a c t  t h a t  
the  s o l u b i l i t y  i s  independent on the 
l a s e r  energy can be explained by consi- 
dering t h a t  t h e  in te r face  ve loc i ty  is  
nearly independent on the  l a s e r  energy 
i n  the  range used here /18/. Fina l ly  the  
existence of a simple cor re la t ion  between 
Cml and ko f o r  t h e  dopants may be due t o  
the  f a c t  t h a t  they have nearly the  same 
mobil i ty a t  the  in te r face .  This r e l a t i o n  
does probably not hold f o r  a l l  impuri t ies .  
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existence of a s o l u b i l i t y  l i m i t  of dopants 
0.8 1 1.2 1.1 1.6. i n  ruby ' laser  t r ea ted  s i l i c o n .  This l i m i t  
TETRAEDRAL RADIUS (A) is nearly independent of doping condit ions 
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Fig.4.- variation of the solubi1it:y limit at thermal and l a s e r  energy. A simple re la t ionsh ip  
equilibrium and after laser treatment as a function has been found between the  s o l u b i l i t y  li- 
of tetraedral radius. 
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3 .  Discussion.- Although the  mecanism of l a -  f i c i e n t .  
se r  annealing i s  not y e t  f i n a l l y  e s t a b l i -  I t  allows t o  p red ic t  the  s o l u b i l i t y  li- 
- 
shed /14/ we can t r y  t o  i n t e r p r e t  our resu- m i t  of any dopant and a l s o  it may help t o  
Its using the  thermal ("meltingn) model understand t h e  fundamental mechanism of 
/15,16/. the  in te rac t ion  of l a s e r  with s i l i c o n .  
This model assumes t h a t  the  energy of 
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